Introduction
Antiphospholipid syndrome (APS) is characterized by venous or arterial thrombosis and/or pregnancy morbidity and is associated with circulating antiphospholipid (aPL) autoantibodies. These antibodies, including anti-β2-glycoprotein-1 (anti-β2GP1) autoantibodies, recognize plasma proteins that bind to anionic phospholipids, among which β2GP1 is the major target. Antibodies directed against β2GPI are associated with thrombotic events in APS. Anti-β2GP1 autoantibodies from patients with APS and thrombosis enhance arterial thrombus formation after injury in a mouse model of APS, with dramatic increases in platelet thrombus size and fibrin generation.
The mechanisms leading to thrombosis in APS are unresolved. In vitro and in vivo studies using animal models demonstrated that aPL antibodies interact with endothelial cells and monocytes to increase tissue factor expression and complement activation and proinflammatory cytokines. In vitro, platelet activation occurs after the binding of complexes of anti-β2GP1 antibodies and dimerized β2GP1 to GPIbα and ApoER2. Furthermore, APS patients exhibit markers of platelet activation. The conventional understanding is that the anti-β2GP1/β2GP1 complex binds to receptors on both the endothelial cell and the platelet, leading to their activation. However, which cells are the targets of anti-β2GP1 antibody/β2GP1 complexes in a live animal and which interactions are pathologic in vivo are not known.
To amplify initial thrombus formation, aPL have to (1) bind to target cells; (2) activate those cells; and (3) facilitate intercellular and intermolecular interactions required for thrombus development. To identify the cell against which the anti-β2GP1 autoantibody/β2GP1 complexes in vivo is directed, we examined anti-β2GP1 autoantibody and β2GP1 binding to the vessel wall in a mouse after injury using intravital microscopy. Enhanced platelet activation by anti-β2GP1 autoantibodies was monitored by intracellular calcium mobilization. Enhanced endothelial cell activation was monitored by intercellular adhesion molecule-1 (ICAM-1) expression in the presence or absence of platelets and by calcium mobilization in the absence of platelets. We observe that, in vivo, the anti-β2GP1 autoantibody/β2GP1 complex binds to platelets but not the endothelium; that anti-β2GP1 autoantibodies induce increased activation of thrombusassociated platelets; and that enhanced platelet activation leads to enhanced activation of the endothelium and fibrin generation. In the absence of a platelet thrombus, there is no enhancement of endothelial cell activation or fibrin generation by anti-β2GP1 autoantibodies. These results lead to a paradigm shift from the concept that binding of the anti-β2GP1 autoantibody/β2GP1 complex activates both endothelial cells and platelets toward one in which activation of platelets in response to anti-β2GP1 autoantibody/β2GP1 complex binding leads to subsequent enhanced endothelial cell activation and fibrin generation.
Methods

Patient sera
APS patients were diagnosed based on a history of thrombosis and anti-cardiolipin antibodies or anti-β2GP1 (Table 1 ; see supplemental Figure 1 on the Blood Web site). Anti-β2GP1 autoantibodies were isolated using β2GP1-agarose and F(ab′) fragments prepared. Immunoglobulin G (IgG) from patients and normal subjects and anti-β2GP1 IgG purified from patients were assayed for anti-cardiolipin and anti-β2GP1 (INOVA). These purified anti-β2GPI antibodies used for these experiments express anticardiolipin, anti-β2GPI activity, and lupus anticoagulant activity measured by the dilute Russell's viper venom time. None of the APL serologic properties was lost during purification. This study was conducted in accordance with the Declaration of Helsinki.
Mice
Wild-type C57BL/6J mice were from Jackson Laboratory. The Beth Israel Deaconess Medical Center Institutional Animal Care and Use Committee approved animal care and procedures.
Reagents
Platelets were imaged in vivo using anti-CD42 antibodies conjugated with Dylight 488 or Dylight 649 (Emfret Analytics). This antibody, directed against GPIβ, whereas von Willebrand factor binds to GPIα, does not interfere with thrombus formation (supplemental Figure 2) . Fibrin was detected using a mouse anti-human fibrin monoclonal antibody (clone 59D8) that cross-reacts with mouse fibrin but not https://www-ncbi-nlm-nih-gov.medproxy.hofstra.edu/pmc/articles/PMC4110663/?report=printable 3/26
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fibrinogen. ICAM-1 was detected using a rat anti-mouse ICAM-1 monoclonal antibody (YN1/1.74) (Southern Biotech). Eptifibatide (Bachem); Fluo-4-AM, fura-2-AM, and Alexa Fluors (Invitrogen); Cremophore and human serum albumin (HSA; Sigma-Aldrich); and β2GP1 (Meridian) were available commercially.
Intravital microscopy
Intravital widefield microscopy of the cremaster muscle microcirculation was performed with modifications. Digital images were captured with a C9300-201 CCD digital camera (Hamamatsu) connected to a VS4-1845 GEN III image intensifier (VideoScope) or an Orca Flash 4.0v2 CMOS camera (Hamamatsu). The Olympus microscope includes a Yokogawa CSU-X1 A1 confocal scanner. The laser source, housed in an acousto-optical tunable filter launch (Intelligent Imaging Innovations), includes 3 solid-state lasers (Cobolt and Coherent). Vessel injury was induced with a Micropoint Laser System (Photonics). Image analysis was performed with Slidebook, Version 5.5 (Intelligent Imaging Innovations).
Platelet thrombus size, fibrin generation, and ICAM-1 expression during thrombus formation
Platelet accumulation, fibrin generation, and ICAM-1 expression were evaluated in vivo using rat IgG against the GPIbβ subunit of the murine GPIb-V-IX complex labeled with Dylight 649 to identify platelets; anti-fibrin-Alexa 488 to visualize fibrin; anti-ICAM-1-Alexa 488 to visualize ICAM-1. Platelet thrombus size, fibrin generation, and ICAM-1 quantitation were determined by calculating median values of the area under the curves for fluorescence at 649 or 488 nm vs time. The increase induced by these antibodies is expressed as a ratio of the median values of the integrated area under the curves after and before infusion of antibodies.
Anti-β2GP1 autoantibody and β2GP1 binding during thrombus formation
The binding of fluorescently labeled anti-β2GP1 autoantibodies to the developing thrombus was examined using anti-β2GP1 F(ab′) -Alexa 488 and β2GP1-Alexa 647. Control F(ab′) -Alexa 488 and HSA-Alexa 647 were employed as controls. Platelets were labeled with anti-CD42 antibody conjugated with Dylight 649 or Dylight 488. The kinetics of anti-β2GP1 F(ab′) , control F(ab′) , β2GP1, and HSA binding and platelet accumulation at the site of injury were determined from median fluorescence values.
Platelet activation of thrombus-bound platelets in vivo
Platelet activation in mice was imaged using fura-2-AM. Infusion of fura-2-AM-loaded platelets in a recipient mouse allowed recording of both platelet accumulation, monitored after excitation at 380 nm, and calcium mobilization, monitored after excitation at 340 nm.
Endothelial cell activation in the absence of platelet thrombus formation
Endothelial cell activation was monitored in vivo after vessel injury using Fluo-4-AM following infusion of eptifibatide to block platelet thrombus formation. Fluo-4-AM was infused into the mouse circulation via the femoral artery. Platelet aggregation was inhibited by infusion of eptifibatide every 15 minutes. Changes to endothelial calcium level were observed by excitation at 488 nm. The kinetics of endothelial cell activation at the site of laser-induced injury were determined by calculating median fluorescence values.
Results
Binding of anti-β2GP1 autoantibodies and β2GP1 to vascular cells In in vitro experiments, anti-β2GP1 autoantibodies, in complex with β2GP1, have been shown to interact with multiple cell types, including monocytes, endothelial cells, and platelets. We focused on determining the cell responsible for enhanced thrombus formation in vivo. To identify the vascular cells targeted by β2GP1/anti-β2GP1 complexes in vivo, we examined the binding of fluorescently labeled human anti-β2GP1 autoantibodies isolated from patients with APS and fluorescently labeled β2GP1 in a mouse model of APS using intravital microscopy.
In the absence of vascular injury, we have previously demonstrated that anti-β2GP1 autoantibodies do not lead to thrombus formation in vivo. If anti-β2GP1 autoantibodies are infused into a mouse before vascular injury, we observed no evidence of activation of the endothelium, as monitored by ICAM-1 expression (data not shown). Similarly, the addition of human anti-β2GP1 F(ab′) and control F(ab′) to mouse platelets in vitro did not lead to platelet activation, as monitored by P-selectin expression (data not shown).
Both human anti-β2GP1 IgG and anti-β2GP1 F(ab′) bound to the developing thrombus, and both yielded similar results. To minimize nonspecific interaction, experiments were performed with anti-β2GP1 F(ab′) . The binding of anti-β2GP1 F(ab′) -Alexa 488 or control F(ab′) -Alexa 488 was monitored in the developing thrombus after injury along with platelet accumulation, monitored using anti-CD42. The anti-β2GP1 F(ab′) autoantibodies were associated with platelets during thrombus formation ( Figure 1A , top lane 1), whereas the control antibodies did not bind ( Figure 1A , top lane 2). The kinetics of binding of the anti-β2GP1 F(ab′) autoantibodies paralleled platelet accumulation ( Figure 1A , bottom).
The binding of human β2GP1-Alexa 647 or HSA-Alexa 647 was monitored by intravital microscopy in the presence of anti-β2GP1 antibodies and endogenous plasma β2GP1 along with platelet accumulation using anti-CD42 antibodies. There was no interaction of β2GP1 with the vessel wall before vessel injury. The infusion of labeled β2GP1 showed specific binding of β2GP1 to platelets as well as to the adjacent vessel wall; there was minimal binding of HSA ( Figure 1B , top lane 2; bottom). The binding of β2GP1 to the inflamed endothelium at the site of local injury in vivo has been previously described in the absence of anti-β2GP1 autoantibodies.
Anti-β2GP1 F(ab′) -Alexa 488 and β2GP1-Alexa 647 were infused together into mice to monitor the kinetics of binding of the anti-β2GP1 F(ab′) and β2GP1 simultaneously. Anti-β2GP1 F(ab′) and β2GP1 bound with comparable kinetics to the thrombus ( Figure 1C To demonstrate that most of the anti-β2GP1 F(ab′) was in complex with β2GP1 and that this complex bound to the platelet thrombus, we analyzed the distribution of the anti-β2GP1 F(ab′) /β2GP1 complex via confocal microscopy. Anti-β2GP1 F(ab′) -Alexa 488 and β2GP1-Alexa 647 were infused, and confocal images obtained through the thrombus center 60 seconds after injury ( Figure 1D ). All of the anti-β2GP1 F(ab′) in the mouse was conjugated to Alexa 488, but only a fraction of the β2GP1 was conjugated to Alexa 647 because most of the β2GP1 is endogenous. The colocalization of anti-β2GP1 F(ab′) and β2GP1 is shown as yellow, whereas the interaction of anti-β2GP1 F(ab′) -Alexa 488 with unlabeled β2GP1 is green. Most of the fluorescence shows likely colocalization of the antibody and antigen, and this Cell activation is amplified by anti-β2GP1 autoantibodies.
Anti-β2GP1 autoantibody-enhanced activation of thrombus-bound platelets during thrombus formation.
Anti-β2GP1 autoantibodies amplify activation of the injured endothelium after laser-induced injury.
colocalization appears solely on the platelet thrombus. The Manders' coefficient was 0.971 and the Pearson's coefficient was 0.75. We report both numbers to emphasize that colocalization metrics using an intravital image in a live mouse is at best a loose approximation. No fluorescence is associated with the endothelial surface. The minor appearance of β2GP1 (red) unassociated with antibody is likely from technical issues of registration associated with high-speed intravital imaging of living mice.
To evaluate cell activation in platelets and in endothelial cells during thrombus formation, we monitored calcium mobilization in platelets and endothelial cells, and ICAM-1 expression in endothelial cells after injury.
To evaluate whether the number of activated platelets are increased during thrombus formation after infusion of anti-β2GP1 autoantibodies, platelet activation was imaged by calcium mobilization in vivo. Platelets isolated from donor mice were loaded with fura-2-AM, and platelets infused into recipient mice. Platelet accumulation and activation were determined after injury. After infusion of anti-β2GP1 autoantibodies, thrombi were generated in recipients, and platelet accumulation and activation again determined. Monitoring fluorescence at 380 nm (unliganded fura-2, green) allowed quantitation of platelet accumulation and monitoring fluorescence at 340 nm (Ca liganded fura-2, red) allowed quantitation of activated platelets ( Figure 2A ). We found a significant increase in both platelet accumulation ( Figure 2B ) and platelet activation ( Figure 2C ) after infusion of the anti-β2GP1 autoantibodies. These results support anti-β2GP1 autoantibody-mediated enhancement of platelet activation and accumulation during thrombus formation. To determine whether intact IgG, which is the form of human anti-β2GP1 autoantibodies that is pathogenic in APS, or F(ab′) fragments of anti-β2GP1 both have the ability to amplify platelet aggregation and fibrin generation, we evaluated F(ab′) fragments of anti-β2GP1 autoantibodies for their ability to enhance thrombus generation. Amplification of platelet accumulation ( Figure 2D ) and fibrin generation ( Figure 2E ) was observed after anti-β2GP1 F(ab′) fragment infusion. Similarly, anti-β2GP1 F(ab′) fragments amplified platelet activation ( Figure 2A , lane 3) as monitored by calcium mobilization.
Endothelial cell ICAM-1 expression is a marker of endothelial cell activation because ICAM-1 increases significantly after endothelial cell activation. Furthermore, ICAM-1 is not expressed on platelets, so changes associated with increased ICAM-1 expression can be attributed to the endothelium.
The binding of anti-ICAM-1-Alexa 488 was used to monitor ICAM-1 expression in the developing thrombus after injury; an irrelevant control IgG-Alexa 488 determined nonspecific binding. Platelet accumulation was recorded concomitantly. Upon injury (time 0), an increase in ICAM-1 could be detected along the arteriolar wall at approximately 5 seconds after injury. ICAM-1 peaked at about 50 seconds, then decreased ( Figure 3A , left; Figure 3B -C). When anti-β2GP1 autoantibodies were infused into the mouse 15 minutes before injury, ICAM-1 expression was enhanced at the vessel wall ( Figure 3A , right). The kinetics of expression of ICAM-1 before and 15 minutes after infusion of anti-β2GP1 autoantibodies indicate that prior infusion of anti-β2GP1 autoantibodies enhances ICAM-1 expression during thrombus formation ( Figure 3B ). In the absence of anti-β2GP1 autoantibodies, the kinetics of expression of ICAM-1 and platelet accumulation revealed that ICAM-1 expression precedes platelet accumulation ( Figure 3C ).
To establish whether ICAM-1 is associated with the vessel wall, as would be the case if ICAM-1 is associated specifically with the activated endothelium, or whether ICAM-1 is distributed within the platelet thrombus, as would be the case if leukocytes, leukocyte microparticles, or endothelial cell microparticles contributed to ICAM-1 expression during thrombus formation, confocal images were obtained. ICAM-1 and platelets were imaged simultaneously during thrombus formation aft infusion of anti-β2GP1 autoantibodies. ICAM-1 localized along the vessel wall ( Figure 3D, left) . There was insignificant ICAM-1-associated fluorescence in the confocal planes through the platelet thrombus. When platelet thrombus formation was blocked with eptifibatide, no platelets were detected but ICAM-1 was visualized along the endothelium ( Figure 3D, right) . We determined that 17% ± 11% of the total green fluorescence is within the thrombus, and this colocalization is limited to the outer edge of the thrombus. Given the limitations of high-speed intravital microscopy and that no ICAM-1 fluorescence is seen in most of the thrombus, we conclude that there is little or no ICAM-1 in the thrombus. We cannot, however, rule out the possibility of soluble ICAM-1 incorporation into the thrombus.
To determine whether intact IgG, which is the form of human anti-β2GP1 autoantibodies that is pathogenic in APS, or F(ab′) fragments of anti-β2GP1 both can amplify endothelial cell activation, we evaluated F(ab′) fragments of anti-β2GP1 autoantibodies for their ability to enhance ICAM-1 expression. After laser injury, endothelial cells were activated and expressed ICAM-1. When either F(ab′) fragments of anti-β2GP1 autoantibodies or anti-β2GP1 IgG was infused before injury, amplification of ICAM-1 expression was observed ( Figure 3E ).
Eptifibatide, an inhibitor of α β , blocks platelet aggregation. Using a high-resolution camera that permits visualization of individual platelets, we demonstrated that infusion of eptifibatide not only inhibits platelet aggregation in this model but also inhibits platelet-endothelium interaction. Initial infusion of eptifibatide eliminated visualization of platelets on the endothelium after laser injury ( Figure 4A , lane 1). However, eptifibatide is cleared rapidly and platelets begin to accumulate in arterioles at 20 minutes and a platelet thrombus is formed at 60 minutes ( Figure 4A , lane 2).
Endothelial cell binding of anti-β2GP1 antibodies and anti-β2GP1 antibody-induced endothelial cell activation in in vitro experiments have been extensively described.
Two prior in vivo studies have confirmed antibody-induced endothelial cell activation in wild-type mice.
We determined whether enhanced endothelial cell activation was dependent upon the presence of platelets.
Monitoring ICAM-1, we explored endothelial cell activation in vivo after laser-induced injury in the absence of platelet thrombus formation. Eptifibatide was infused into the mouse before vessel injury and continued every 15 minutes. ICAM-1, visualized with anti-ICAM-1-Alexa 488, reached maximal fluorescence by 10 to 15 seconds in the absence of anti-β2GP1 autoantibodies ( Figure 4B, lane 1) . The magnitude of ICAM-1 expression was similar in the presence of anti-β2GP1 autoantibodies ( Figure 4B , lane 2). In the absence of eptifibatide and in the presence of anti-β2GP1 autoantibodies, ICAM-1 expression is significantly enhanced in the presence of a platelet thrombus ( Figure 4B, lane 3) . These results indicate a role for platelets in endothelial cell activation. The kinetics of ICAM-1 expression confirmed that ICAM-1 expression was similar regardless of the presence or absence of anti-β2GP1 autoantibodies in the absence of a platelet thrombus ( Figure 4C ). When a platelet thrombus is allowed to form, anti-β2GP1 autoantibodies enhance ICAM-1 fluorescence by 15-to 20-fold. These results suggest that a platelet thrombus contributes to enhanced endothelial cell activation after vessel injury.
To confirm the importance of platelets in anti-β2GP1 antibody-enhanced endothelial cell activation, we monitored both anti-β2GP1 antibody and β2GP1 binding to the endothelium as well as endothelial cell activation in vivo by calcium mobilization in the absence of a platelet thrombus. After blocking platelet accumulation with eptifibatide, we monitored anti-β2GP1 F(ab′) -Alexa 488 or control F(ab′) -Alexa 488 after injury ( Figure 5A ). No significant binding of anti-β2GP1 F(ab′) was observed in the absence of a platelet thrombus. Similarly, after blocking platelet accumulation with eptifibatide, no significant binding of β2GP1 was observed ( Figure 5B ). These results indicate that, in the absence of a platelet thrombus, neither anti-β2GP1 F(ab′) nor β2GP1 bind significantly to the endothelium after vascular injury. 
Anti-β2GP1 autoantibodies amplify platelet accumulation and fibrin generation in venules.
Using Fluo-4-AM as a reporter of calcium mobilization in endothelial cells, we examined the consequences of infusion of anti-β2GP1 antibodies into a mouse treated with eptifibatide. After injury and in the absence of platelet accumulation due to eptifibatide, we compared endothelial cell activation, monitored by calcium mobilization, before and 15 minutes after infusion of anti-β2GP1 autoantibodies ( Figure 5C ). No differences were observed ( Figure 5D ). This result indicates that the infusion of anti-β2GP1 autoantibodies does not enhance endothelial cell activation at the site of injury in the absence of a platelet thrombus.
We studied fibrin generation before and after infusion of anti-β2GP1 autoantibodies in the presence and absence of eptifibatide to inhibit platelet accumulation. Anti-β2GP1 autoantibodies enhanced fibrin generation in parallel to platelet accumulation. However, in the absence of platelet accumulation at the site of injury, we did not observe an increase in fibrin generation after infusion of anti-β2GP1 autoantibodies ( Figure 6 ). These results indicate that enhancement of fibrin generation by anti-β2GP1 autoantibodies requires the presence of a platelet thrombus.
In this model of anti-phospholipid syndrome, platelets are the target of anti-β2GP1/β2GP1 complexes during thrombus formation. In vivo, binding of the anti-β2GP1 antibody/β2GP1 complex to platelets during thrombus formation amplifies platelet activation and accumulation, and these platelets trigger both enhanced activation of the endothelium and increased fibrin generation. In the absence of the platelet thrombus, this complex neither amplifies endothelium activation nor increases fibrin generation.
APS is characterized by both arterial and venous thrombosis. Our studies have focused on arterial thrombosis amplified by anti-β2GP1 autoantibodies. To determine whether these autoantibodies have a similar effect in venules in our model, the effect of anti-β2GP1 autoantibodies on laser-induced injury to the venule was studied. Thrombus formation was initiated by laser injury to the venule wall and platelet thrombus size determined based upon fluorescence associated with anti-CD42. Subsequently, anti-β2GP1 autoantibodies were infused and platelet accumulation and fibrin generation monitored (Figure 7 ). These results demonstrate that anti-β2GP1 autoantibodies are capable of greatly enhancing thrombus size in venules.
Discussion
Many competing hypotheses have been proposed to explain the pathologic mechanism of thrombus induction by the anti-β2GP1 autoantibody/β2GP1 complex in APS. Our animal model allows measurement of thrombus amplification by the anti-β2GP1 autoantibody/β2GP1 complex and the identification of involved components. Human anti-β2GP1 autoantibodies amplify thrombus size. In the current study, we evaluated 3 events associated with APS: (1) anti-β2GP1 autoantibody, β2GP1, and anti-β2GP1 autoantibody/β2GP1 complex binding to the platelet thrombus but not the endothelium; (2) anti-β2GP1 autoantibody/β2GP1 complex enhancement of platelet and endothelium activation; and (3) the platelet thrombus requirement for endothelium activation and increased fibrin generation by anti-β2GP1 autoantibodies. The binding of the anti-β2GP1 antibody/β2GP1 complex to cell receptors has been studied, and receptors have been proposed to be involved in thrombus enhancement. The inhibition of enhancement of thrombus formation in the absence of specific receptors or in the presence of inhibitors of receptors suggest that some receptors may not be directly involved in the pathway initiated by the anti-β2GP1 autoantibody/β2GP1 complex. Therefore, we visualized both cell binding and cell activation induced by the anti-β2GP1 autoantibody/β2GP1 complex in vivo.
Previous animal studies demonstrated amplification of thrombus formation by either IgG derived from whole APS serum or human anti-β2GP1 autoantibodies. In others, endothelium activation was observed in vivo by observation of ICAM-1 expression, leukocyte rolling, and the expression Go to:
of endothelial proteins. Our in vivo results are consistent with and extend these studies demonstrating endothelial cell activation or platelet activation or both by aPL autoantibodies. Furthermore, they are consistent with studies of human subjects showing evidence of activation of the endothelium in APS: endothelial cell microparticles, soluble VCAM1, soluble ICAM-1, von Willebrand factor, soluble thrombomodulin, and soluble P-selectin.
Our results confirm that endothelium activation is enhanced in the presence of aPL antibodies but demonstrate that enhancement is platelet thrombus-dependent. By visualization of the targets of the anti-β2GP1 autoantibody/β2GP1 complex and the functional implications of anti-β2GP1 autoantibody/β2GP1 complex binding to that target, we establish important features of the pathogenesis of aPL autoantibodies. First, we demonstrate with in vivo confocal images that the anti-β2GP1 autoantibody/β2GP1 complex binds exclusively, within limits of detection, to the platelet thrombus and not to the endothelium. Second, the binding of the anti-β2GP1 autoantibody/β2GP1 complex to the developing thrombus leads to amplification of platelet activation. Third, the binding of the anti-β2GP1 autoantibody/β2GP1 complex to the platelet thrombus is followed by endothelium activation. Fourth, in the absence of a platelet thrombus, the anti-β2GP1 autoantibody/β2GP1 complex does not enhance endothelium activation or fibrin generation.
ICAM-1 and other endothelial markers implicated the endothelium in aPL antibody-induced endothelial activation in vivo. Furthermore, in vitro experiments established the ability of aPL antibodies to bind and activate endothelial cells in culture.
Our finding that the anti-β2GP1 autoantibody/β2GP1 complex does not bind to the endothelium but that the endothelium does become activated is consistent with prior experiments. This raises 2 questions: (1) Why does the anti-β2GP1 autoantibody/β2GP1 complex activate endothelial cells in culture in vitro? This may be due to the presence of high arteriolar shear forces in the animal model that are not present in culture or a feature that is unique to cultured endothelial cells. (2) Given the absence of binding of the anti-β2GP1 autoantibody/β2GP1 complex to the endothelium in our mouse model, what is the mechanism by which the endothelium becomes activated? We suspect that enhanced activation of the endothelium is initiated by the releasate of the activated platelets. When eptifibatide was infused to prevent platelet thrombus formation, we observed neither enhanced endothelium activation nor increased fibrin generation associated with the anti-β2GP1 autoantibody/ β2GP1 complex. Thus, enhanced activation of the endothelium and increased fibrin generation by the anti-β2GP1 autoantibody/β2GP1 complex is platelet-dependent.
We established that anti-β2GP1 autoantibodies not only enhanced platelet thrombus formation, but also enhanced fibrin generation. After vessel injury, fibrin generation occurs even in the absence of a platelet thrombus, as occurs in Par4 mice, mice treated with eptifibatide, or transplanted mice lacking α β . We now observe that in the absence of a platelet thrombus after administration of eptifibatide, the magnitude of fibrin generation is similar in the presence or absence of anti-β2GP1 autoantibodies. Therefore, antibody-induced fibrin enhancement is platelet thrombus-dependent, although initial fibrin generation is independent of platelets. We have shown that, in vivo, the anti-β2GP1 antibody/β2GP1 complex is targeted at the platelet thrombus. Increased platelet thrombus size and activation in response to injury is responsible for amplifying endothelial cell activation and increased fibrin generation.
Acknowledgments
This work was supported by grants from the National Institutes of Health, National Heart, Lung and Blood Institute (P01 HL087203 and R01 HL095084 [B.F.]) and by the Lupus Research Institute.
Footnotes
The online version of this article contains a data supplement.
There is an Inside Blood Commentary on this article in this issue. ICAM-1 after vascular injury indicates ICAM-1 is localized on the endothelium and not the platelet thrombus. Confocal images of ICAM-1 and platelets were obtained 60 seconds after laser injury during thrombus formation. (Left) ICAM-1 was visualized using anti-ICAM-1 labeled with Alexa 488 (0.4 μg/g mouse) (green) and platelets were visualized using anti-CD42 antibody labeled with Dylight 649 (0.1 μg/g mouse) (red). Merge, yellow. (Right) In the presence of eptifibatide (10 μg/g mouse) and its elimination of platelets, ICAM-1 was visualized on the endothelial surface. Confocal images were obtained through a central section of the thrombus. These confocal images are obtained at high speed in a live mouse where there is minor vessel movement with during each systole. Furthermore, the green and the red images are obtained near simultaneously but not simultaneously. Therefore, the register of the composite image is not perfect. Finally, there is low background noise that we elected not to subtract. We quantitated the fluorescence corresponding to total ICAM-1 fluorescence in the image and quantitated the fluorescence corresponding to the ICAM-1 fluorescence within the thrombus, as defined by platelet fluorescence. (E) F(ab′) fragments of anti-β2GP1 autoantibodies enhance activation of endothelial cells similarly to intact anti-β2GP1 autoantibodies. Endothelial cell activation was monitored using anti-ICAM-1 conjugated to Alexa 488 (0.5 μg/g) and platelets were monitored using anti-CD42 antibody conjugated with Dylight 649 (0.1 μg/g) before and 20 minutes after infusion of 12 μg of F(ab′) fragments of anti-β2GP1. ICAM-1 expression in endothelial cells was observed in an arteriole before (blue; 19 thrombi, 4 mice) and 20 minutes after infusion of 12 μg of F(ab′) fragments of anti-β2GP1 (black; 14 thrombi, 2 mice) or 10 μg of intact anti-β2GP1 (red; 27 thrombi, 4 mice). platelets, red. (C) The median integrated ICAM-1 fluorescence (F ICAM-1) associated with thrombus formation in wildtype mice infused with human anti-β2GP1 autoantibodies (27 thrombi, 4 mice; red); human anti-β2GP1 autoantibodies and eptifibatide (27 thrombi, 3 mice; blue); and eptifibatide (18 thrombi, 3 mice; black).
Figure 5
In the absence of a platelet thrombus, the anti-β2GP1 autoantibody/β2GP1 complex neither bound the endothelium nor enhanced endothelial calcium mobilization. (A) After blocking platelet accumulation by infusion of eptifibatide (10 μg/g mouse), the median integrated antibody fluorescence (F ) after infusion of anti-β2GP1 F(ab′) (24 thrombi, 2 mice) or control F(ab′) (26 thrombi, 2 mice) over 150 seconds after vessel wall injury was measured. Anti-β2GP1 F(ab′) (green); control F(ab′) (black). No significant binding of anti-β2GP1 F(ab′) was observed in the absence of a platelet thrombus. (B) After blocking platelet accumulation by infusion of eptifibatide (10 μg/g mouse), the median integrated protein fluorescence (F or F ) after infusion of Alexa 647 conjugated to β2GP1 (24 thrombi, 2 mice) or Alexa 647 conjugated to HSA (26 thrombi, 2 mice) over 150 seconds after vessel wall injury was measured. β2GP1 (red); control (black). No significant binding of β2GP1 was observed. (C) Fluo-4-AM was delivered into the mouse circulation via the femoral artery, and concurrent platelet aggregation was inhibited by infusion of eptifibatide (10 μg/g mouse) every 15 minutes. After laser-induced vessel wall injury, changes to endothelial Ca levels were observed by excitation at 488 nm and images were recorded over time. Antibody-induced change in endothelial cell activation was examined in the injured vessel performed upstream in 1 arteriole before and 15 minutes after infusion of 10 μg of anti-β2GP1 autoantibodies. Images show calcium elevation in the endothelium in the absence of platelet accumulation Open in a separate window
Inhibition of platelet thrombus formation with eptifibatide prevents anti-β2GP1 autoantibody-mediated enhancement of fibrin generation. Platelet and fibrin imaging were performed using anti-CD42 antibody labeled with Dylight 488 (0.1 μg/g mouse) and anti-fibrin antibody labeled with Alexa 647 (0.5 μg/g mouse). Platelet thrombus size and fibrin generation at the site of laser-induced injury were determined by calculating median fluorescence values at 488 nm and 647 nm over 3 minutes, respectively. Anti-β2GP1 autoantibody-induced changes in platelet thrombus size and fibrin generation were observed in thrombi performed upstream in a single arteriole before (16 thrombi, 3 mice) and 15 minutes after (20 thrombi, 3 mice) infusion of 10 μg of anti-β2GP1 antibodies. Subsequently, platelet accumulation at the site of injury was prevented by infusion of eptifibatide (10 μg/g mouse) every 15 minutes, and platelet thrombus size and fibrin generation were observed in thrombi (19 Open in a separate window Anti-β2GP1 autoantibodies amplify thrombus formation in venules. Effect of purified anti-β2GP1 autoantibodies on thrombus size and fibrin generation in venules. Anti-β2GP1 autoantibodies were infused into wild-type mice 5 minutes before laser-induced venule wall injury. Platelet and fibrin imaging was performed using anti-CD42 antibody labeled with Dylight 649 (0.1 μg/g mouse) and anti-fibrin antibody labeled with Alexa 488 (0.5 μg/g mouse). Platelet thrombus size and fibrin generation at the site of laser-induced injury were determined by calculating median fluorescence values at 649 nm and 488 nm over 3 minutes, respectively. After initial laser injury of the venule wall, a thrombus composed of platelets (A) and fibrin (B) was generated; 15 minutes after infusion of 10 μg of anti-β2GP1 autoantibodies, anti-β2GP1 autoantibody-induced changes in platelet thrombus size and fibrin generation were observed. The kinetics of the
